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ABSTRACT

This paper describes a miniature gas (Knudsen) pump
that utilizes thermomolecular flow through a
nanoporous membrane. A temperature gradient along
the length of a pore that supports free molecular gas
flow at atmospheric pressure pumps gas molecules
from the cold end to the hot end. In contrast with past
work, the membrane material is mixed cellulose which
provides superior uniformity in pore diameter and
porosity. The final packaged volume of the Knudsen
pump is 14x14x4.4 mm’. For an input power of 1.4
W, a single stage Knudsen pump based on these
nanoporous polymer membrane has a temperature bias
of 30 K across the thickness of the membrane, which
provides 0.4 sccm flow against a 330 Pa pressure
head. The load characteristics of the pump suggest
that the pump can provide as much as 0.93 sccm gas
flow in the absence of a load. Knudsen pump

operation at sub-atmospheric pressures is also
reported.
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INTRODUCTION

In the past five decades gas sensing and analysis
systems have evolved from room-sized machines to
table top devices, and continue to progress toward
handheld microsystems.  Miniaturization of (gas)
pumps associated with these systems has emerged as
an important challenge (Fig. 1) [1-3]. Many of the
available options achieve miniaturization by
compromising performance, reliability, or cost.
Knudsen pumps, which are based on the phenomenon
of thermal transpiration, can be potentially useful in
addressing some of the challenges faced by existing
micropumps [4]. Knudsen pumps have no moving
parts; hence, they are potentially reliable and
structurally simple.

The phenomenon of thermal transpiration was first
studied by Reynolds and Maxwell, independently, in
the year 1879 [5, 6]. In 1910, Knudsen demonstrated
the possibility of using thermal transpiration for the
purpose of gas pumping [7]. However, due to the
unavailability of sufficiently small narrow channels,
Knudsen pump operation at atmospheric pressure was
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not demonstrated until quite recently [8, 9]. In our
previous efforts, nanoporous ceramics have shown
promise as thermal transpiration materials at
atmospheric pressure. However, single stage Knudsen
pumps based upon these could generate only a limited
gas flow rate of 0.004 sccm/cm? [10].

Here we report the use of a nanoporous polymer
membrane for thermal transpiration, which results in a
150x improvement in the gas flow with respect to our
previous best case flow rates [10]. The phenomenon
of thermal transpiration, the pump design and
fabrication, and experimental results, are discussed in
the following sections.

THERMAL TRANSPIRATION

The phenomenon of thermal transpiration refers to the
ability of a narrow channel to sustain an equilibrium
pressure gradient when subjected to a longitudinal
temperature gradient [4, 11]. A narrow channel is
defined as one in which the gas flow is in the free
molecular or transitional regimes, that is, 0.1<Kn<10,
and Kn>10 respectively, where Kn, Knudsen number,
is the ratio of the mean free path (L) of gas molecules
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Fig. 1: Miniaturization of various handheld gas
sensing and analysis systems depends largely on
the availability of gas micropumps with necessary
combination of performance and cost.

Po Tc Py Ty
PC Narrow Channel PH
Qe = = Q=QcQy «—Qy= =
‘/T_C At Equilibrium ‘/TH
Cold Chamber] Pu _VTh | Hot Chamber
Pc Ve

Fig. 2: Thermal transpiration between two chambers
connected by a channel that permits flow only in the
free molecular or transitional regimes. At
equilibrium, the ratio of pressures in the two
chambers is equal to the square root of the ratio of
temperatures in the respective chambers.



to the hydraulic diameter (d) of the channel such that
Kn=Nd[12].

The concept of thermal transpiration can be simply
explained by Figure 2. Suppose there are two
chambers at unequal temperatures (Ty, Tc) that are
connected by a narrow channel, the rate of gas flow
from one chamber to another is directly proportional
to the pressure in that chamber and inversely
proportional to the square root of temperature of that
chamber [4]. Hence, if the initial pressures in the two
chambers are equal, there is an effective movement of
gas molecules from the cold chamber to the hot
chamber. At equilibrium, the relationship between the
pressure in the hot chamber (Py) and the cold chamber

(Pc) is given by:
PH _ TH
PC TC

Sharipov’s model [13] is one of the most
representative models for thermal transpiration driven
gas flow through nanochannels [14]. It is applicable
to practically all flow regimes. Sharipov’s model
suggests that for a nanochannel with hydraulic radius
a and length /, the average gas flow rate through the

nanochannel is:
1
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where 7T,,, and P,,, are the average temperature and
pressure in the nanochannel; m is the mass of a gas
molecule; kp is the Boltzmann constant; Qr and Qp
are the temperature and pressure gas flow coefficients,
which depend on a rarefaction parameter:
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where D is the collision diameter of the gas molecules

flowing across the nanochannel. In general, if 7'and P

are the temperature and pressure along the length of

narrow channel and d7/dx and dP/dx are the respective
gradients:
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DEVICE STRUCTURE

A nanoporous polymer membrane comprised of mixed
cellulose is used for thermal transpiration. The
membrane, 105 pm thick and 11.5 mm in diameter,
has an average nanopore diameter of 25 nm and
porosity 70%. The membrane is sandwiched between
a passively cooled brass base and a heated brass top
(Fig. 3a). An insulating ring and cap provide lateral
and top-side sealing, respectively. A thin resistive
element (26.67 Q), laminated between insulating
layers of Kapton, is used to maintain the top brass at

Fig. 3a: Exploded view of the polymer based
Knudsen pump.

Nanoporous
Polymer

Thermocouples

Fig. 3b: Packaged polymer based single stage

Knudsen pump.
an elevated temperature. Thermocouples are
embedded in the device to record the temperature drop
across the membrane. Stainless steel capillaries are
used at the inlet and at the outlet ports. The packaged
volume of the final device is 14x14x4.4 mm® (Fig.
3b).

EXPERIMENTAL RESULTS

Test Set-Up

The fabricated micropumps are tested in two modes.
1) Flow mode: A clear Tygon tube (0.79 mm @), with
water plugs, is connected at the inlet, while the outlet
is open to the ambient. This mode is used to quantify
the gas flow rate as a function of pressure head for a
given input power. The pressure head is controlled by
the size of the droplet in the Tygon tube. 2) Pressure
mode: The device is located on a heat sink placed
within a pressure-controlled chamber (PCC) that has
an externally controlled pressure, P,.. The inlet of the
device is sealed, while the outlet is open to the PCC.
The differential pressure between the sealed inlet and
the PCC is monitored for different operating
conditions.

Steady State Results

Figure 4 illustrates that the experimentally measured
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Fig. 4: The hydraulic conductance of the
nanoporous membrane is measured using an
externally applied pressure. The membrane is
105 pm thick, 11.5 mm in diameter and 70%
porous. The nanopores are 25 nm in diameter.
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Fig. 5: Flow Mode Tests: Experimentally

measured inlet flow rate for the Knudsen pump at
1.4 W input power, with varying pressure loads.

pressure driven gas flow across the membrane (Qpg)
increases linearly with (externally) applied differential

pressure across these membranes (AP). The plot
suggests that the membrane has a gas flow
conductance (Ky;) of #1.97x10 sccm/Pa.

K, = Opr (5)

AP
Figure 4 also shows that the ideal value for Ky,
calculated using the nominal values for the membrane
parameters (Eqn. 2), fits closely with the
experimentally measured Ky — with less than 5%
deviation.

Flow Mode Testing: Two types of flow fields co-exist
in a Knudsen pump: one is the temperature gradient
driven thermal transpiration flow (Qrr) from the cold
side of the membrane to the hot side, while the other is
the pressure gradient-driven gas flow across the
membrane (Qpgr) from the hot side of the membrane to
the cold side. The net flow (Qc) is the algebraic sum
of these two gas flow rates, that is:

Qerr= Qrr — Qpr (6)

Figure 5 shows the experimentally measured gas flow
generated by the device (Q.) with pressure load (AP)
at the inlet. The input power was held constant at 1.4
W for this experiment. With reduction in pressure
load, the gas flow rate increases linearly to an
extrapolated no load flow of =0.93 sccm.

Pressure Mode Testing: As mentioned earlier, inlet of
a Knudsen pump is sealed while testing it in pressure

mode. This implies that the steady state gas flow rate
across its membrane is zero: Q. = 0. Hence, Qrr =
Qpr = Ki.AP. This value of Qrr can, therefore, be
extracted from the Pressure Mode Tests. As shown in
Fig. 6, Qrr may exceed 1.2 sccm for a temperature
bias as low as =30K across the membrane, with
average operating temperatures smaller than 333K.
The pumping rate Qprr decreases linearly with
temperature bias. These flow rates are higher than
those measured for similar conditions in the Flow
Mode Tests because the flow mode results must
accommodate the flow resistance at the membrane and
brass top/base interfaces.

Figure 7 shows that the differential vacuum pressure
generated by the device (at the sealed inlet) increases
linearly with the temperature difference across the
nanoporous membrane. At atmospheric pressure (P,
= 98.5 kPa), a temperature bias of 30K across the
nanoporous membrane results in pressure drop >620
Pa. The differential pressure drop generated by the
pump reduces significantly as P, is lowered from the
atmospheric pressure (98.5 kPa) to 6.7 kPa.

Transient Results

Pressure Mode: Pressure mode operation of the
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Fig. 6: Pressure Mode Testing: Thermal

transpiration Qrr driven gas flow is same as the
pressure driven gas flow Qpr across the
membrane. The product of the hydraulic
conductance Ky of the membrane and the
pressure head AP generated by the pump gives
an estimate of Qprg.
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Fig. 7: Pressure Mode Testing: Measured

pressure head generated by the pump for different
ambient operating pressures of the device.
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Fig. 8: Pressure Mode Testing: Effective gas flow
into the cold chamber Qef, derived from the time
derivative of pressure at the sealed inlet, is
compensated for the pressure driven back flow Qpr
due to the vacuum pressure Py-Pc to estimate the
temporal evolution of thermal transpiration driven
gas flow Qr generated by the pump.

Knudsen pump yields the temporal evolution of the
differential vacuum pressure AP(t) at the sealed inlet.
The volume of the sealed inlet, including the cold
chamber and the attached tubing, is 0.472 cm’. The
time derivative of AP(t) is proportional to the gas
pumped out of the cold chamber Q.(t). Equation 5 is
used to estimate Qpgr(t) using Ky and AP(t). Sum of
Qpr(t) and Qe(t) provides the temporal evolution of
the thermal transpiration flow Qrr(t) (Eqn. 6, Fig. 8).
Figure 8 also shows the temporal evolution of the hot
(Ty) and cold (T¢) end temperatures of the device.

CONCLUSION

This work shows that nanoporous polymer membranes
are promising for generating flow rates on the order of
1 sccm at operating temperature biases of 30K.
Unlike bulk nanoporous ceramics, these membranes
offer high thermal isolation, and hence permit
reasonable thermal efficiency. A Knudsen pump
based on a mixed cellulose polymer membrane, with
pore size 25 nm and porosity 70%, resulted in a gas
flow rate of 0.4 sccm. Load-flow characteristics
suggest a no load gas flow rate of 0.93 sccm, which is
potentially useful for several microfluidic systems
[15]. The temporal evolution of pressure in the cold
chamber suggests that the transient response of the
pump is limited by the thermal response of the device
rather than the thermal transpiration driven gas flow
through the membranes.
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